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We apply X-ray interferometry to study the profile structure of Langmuir-Blodgett (LB) monolayers
containing maquette peptides, de novo di-R-helical synthetic peptides designed as model systems for studying
biological electron transfer. The results demonstrate that it is possible to create monolayers with the
peptide vectorially oriented with its helical axis (the direction of electron transfer within the holopeptide)
approximately normal to the surface of the solid support. This orientation can even be achieved when the
orientation of the peptide in the precursor Langmuir film at the air/water interface is parallel to the
surface, indicating that reorganization of the monolayer can occur during or after LB deposition. Though
issues regarding the low density of the film and variability between samples remain to be addressed, the
work represents an important step toward future correlated functional/structural studies of these peptides.

Introduction

Maquette peptides form the basis of an approach to
understanding the behavior of redox protein complexes,
which perform an array of vital functions including
respiration and photosynthesis. Redox protein complexes
are typically large and membrane-bound and, hence,
difficult to purify and study. In contrast, synthetic
maquette peptides are smaller, simpler, soluble peptides
designed to mimic a part of the structure and function of
natural redox complexes. We seek to understand proteins
better by constructing our own. Inspired by part of the
transmembrane domain of cytochrome bc1, the four-helix
bundle motif comprises the basic structural design of one
family of maquettes.1 In the prototype, a 31-mer peptide
is synthesized, designed as 27 residues forming an
amphipathic R-helix and the other residues a short, flexible
loop ending in a cysteine residue at the N-terminus of the
peptide. In solution, a disulfide bond forms between the
cysteines of two helices, forming a dihelical unit. The
hydrophobic effect apposes the two helices, forming a pair
of bis-His binding sites for prosthetic groups between the
helices, and further drives the association of dihelical units
into four-helix bundles.

Structural and functional characterization of the pep-
tides plays a central role in the maquette peptide program.
It is important to compare the product synthesized with
the intended design and to compare its functions with
those of natural proteins. For the electron transfer
propertiesofproteins, these twoaspectsof characterization
are coupled, as the determination of a rate of electron
transfer must be accompanied by knowledge of the
distance and medium through which it occurs to be most

meaningful. X-ray interferometry on oriented monolayers
can provide the profile structure, the average structure
of the monolayer projected onto the coordinate normal to
its surface, and also preserve the peptide in an environ-
ment in which its function can also be studied. For the
most thorough characterization, the peptide should ideally
be oriented so that the direction of electron-transfer
coincides with the normal to the monolayer surface, the
direction probed by interferometry. Part 1 of this study
demonstrated that the orientation of maquette peptides
in a monolayer at the air/water interface can be controlled
via the macroscopic parameter π, the surface pressure of
the film.2 Although the order of Langmuir films is not
always maintained upon transfer to a solid support,3-5

the finding suggests that Langmuir-Blodgett (LB) depo-
sition of maquette peptide films may produce a suitably
ordered film.

In this study, we spread monolayers of two different
maquette peptides, the original prototype and a variant
with a C16 saturated hydrocarbon chain coupled to the
free amine group of the N-terminal cysteine of each R-helix.
Using Langmuir-Blodgett techniques, we transfer the
monolayers from the air/water interface to solid supports
incorporating an inorganic reference structure, and in-
vestigate the profile structure of these films using X-ray
interferometry. In an important step toward future
correlated structural/functional studies, we demonstrate
that in each system the peptide does orient within the
monolayer with the long axis of the helices, presumably
the direction of electron transfer between the prosthetic
group binding sites, aligned approximately along the
normal to the surface of the support. Differences between
the expected and observed profile structures and implica-
tions for future work are also discussed.* To whom correspondence may be addressed: Department of
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Methods and Materials
We used the same peptides as in our investigation of maquette

peptide Langmuir films, namely, the prototypical four-helix
bundle denoted H10H241

and a palmitoylated peptide denoted BBC16, which is the same
except for amino acid substitutions at positions 6 and 136,7

Both were synthesized via solid phase methods on a com-
mercially available machine.8 Spreading solutions were typically
100 µM in 50 mM TRIS buffer with 100 mM NaCl. We used apo
BBC16 and hemo H10H24, with a stoichiometric amount of Fe-
protoporphyrin IX9 titrated in from a concentrated DMSO stock
solution.

We spread the peptide monolayers onto the meniscus of a glass
capillary obliquely penetrating the air/water interface of a 1 mM
TRIS subphase at pH 8, 23 °C, contained in a commercial
Langmuir trough with a dipping head (Lauda). For the 4:1
palmitic acid/BBC16 mixed monolayer, the subphase also
contained 1 mM CdCl2, and the lipid was spread from a 1 mM
chloroform solution directly onto the interface with a 3-min pause
before the peptide was spread. After waiting 20 min, we compress
the monolayer at 1-2 Å2/(R-helix/s) and then maintained constant
pressure, πdep, during LB deposition. For H10H24 samples, πdep
) 20 or 25 mN/m and the slides were plunged through the
interface quickly and withdrawn slowly (2 mm/min) with transfer
occurring on the upstroke only. For samples containing BBC16,
πdep ) 45 mN/m, we deposit on the downstroke at a rate of 3
mm/min and aspirate the monolayer before withdrawing the
sample from the subphase.

LB film samples were refrigerated in vials with a reservoir of
KNO3 in order to maintain relative humidity at 96%. During
data collection (12-16 h), samples were maintained at 4 °C and
in humidity in excess of 90% using a humidity generator.10

The solid supports used for LB deposition were 2 × 1 cm2

slides cleaved from a 4-in. Si wafer with a superlattice structure
deposited onto its surface by molecular beam epitaxy (MBE).11

The superlattice contains three unit cells of 2 Ge and 30 Si atomic
layers: 3(Ge2Si30). As the MBE deposition occurs under ultrahigh
vacuum conditions and the wafers are stored in an inert
atmosphere, we did not need to clean the wafers other than by
sonication in various solvents (10 min each in methanol,
chloroform, and acetone). We characterized them by collecting
2 h of meridional X-ray diffraction data for each slide in a dry
helium environment at room temperature.

After characterization, we deposited self-assembled mono-
layers (SAMs) onto the MBE slides. For H10H24 samples, we
fabricated mercaptopropylsilane (MPS) SAMs12 according to the
procedure of a study that demonstrated a favorable interaction
between MPS SAMs and H10H24 in solution.13 For samples
containing BBC16, we used SAMs of a saturated C18 hydrocarbon
chain from the precursor octadecyltrichlorosilane (OTS). The
procedure, based on that of Sagiv,14 has been used commonly in

our group to prepare surfaces for LB deposition of fatty acid
films.15-17 Immediately following chemisorption of the SAMs,
we characterized them by collecting about 12 h of X-ray
interferometry data in a dry environment at room temperature.

The setup for meridional X-ray diffraction has been described
in detail in the past.18 We use a line focused beam 6 mm high
from a rotating anode source monochromated to select the Cu
KR wavelength λ ) 1.54 Å. Slits upstream of the sample define
the incident beam, but there are no slits before the 2-D position-
sensitive proportional counter that we use as the detector. This
allows us to keep the detector fixed and integrate the total
intensity as we oscillate the sample through a range of incident
angles ω in the beam and collect a range of interferometry data
from ωmin to ωmax. This corresponds to a range of momentum
transfer perpendicular to the surface of the sample, qz ≡ (2/λ) sin
ω. Note that we adopt our usual convention and not the one used
in part 1 of this study in which the definition was larger by a
factor of 2π, as customary in reflectivity studies.

We apply box refinement, a model-independent, iterative
procedure, to obtain the electron density distribution F(z) that
reproduces the experimentally observed diffraction intensity
function, Iexp(qz).19,20 The method can be applied under two
conditions: (1) the structure must be finite in extent; (2) the
amplitude of the diffraction intensity and the structure must be
Fourier transform pairs. The first condition will be met for the
profile structure of any sufficiently thin film. The second
condition, equivalent to the first Born approximation, means
that the method can only be applied to the kinematical diffraction
from a sample, that is, the photons in the scattered beam that
have undergone only a single scattering event, and not the more
intense dynamical diffraction, which includes multiple scattering,
that begins to dominate, progressively, the specular reflectivity
as one approaches the critical angle for total external reflection
from the sample.21 Recent treatments of the theory underlying
synchrotron-radiation-based reflectivity measurements demon-
strate that the rigorously correct separation of these two
components comes from normalizing the data by dividing out
the Fresnel function, the mathematical description of the reflec-
tivity from an abrupt interface between two different media.22

In this formalism, the amplitude of the normalized reflectivity
and the derivative of the profile structure, dF/dz, constitute a
Fourier transform pair. Our recent studies of lipid/peptide mono-
layers at the air/water interface applied box refinement to nor-
malized reflectivity data in order to obtain dF/dz, which could
then be integrated to yield F(z).2,23 In this study, because the
area detector integrates both the dynamical/kinematical diffrac-
tion and the background scattering (from the dry or humid helium
and components of the flight path) occurring during the oscillation
of the sample, we return to a pragmatic approach of extracting
the kinematical diffraction from the data, an approach used suc-
cessfully within our lab in earlier studies of thin films on solid
substrates.15,24,25 The method, illustrated in Figure 1 for several
datasets, consists of approximating the underlying dynamical
diffraction and background scattering as a piecewise continuous
sum of exponentials, which approximates the data collected from
a uniform silicon substrate using our setup. The details of the
correction appled here will not affect the positions of features in
the data, the most important determinants of the structure.
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Recently in the preparation of one study, both approaches were
applied to data collected from a yeast cytochrome c mono-
layer on a nonpolar SAM and were shown to yield similar re-
sults.26

Using our pragmatic approach, we consider the dynamical
and kinematical diffraction as arising from different Fourier
components of the sample’s profile structure. The dynamical
diffraction arises from the mean electron density of the sample,
Fj(z), the components of the profile structure included in the range
qz ) 0 to qz ) qmin, where qmin is the minimum qz value contained
in the background-corrected data. Meanwhile, the kinematical
diffraction arises from the relative electron density (also called
the electron density contrast), ∆F(z), the components of the profile
structure in the range qz > qmin, though this range is truncated
at qmax, the point at which the reflectivity signal becomes weak
and is no longer analyzed. The result that we obtain from box
refinement will therefore be the experimentally determined
relative electron density of the sample, ∆Fexp(z). For details of
the application of the highly constrained box refinement algo-
rithm to interferometry data, the reader is referred to the Analysis
section of Xu et al.24 As an aid in interpreting the box refinement
results, we refine model profile structures on an absolute scale,
Fmod(z), whose relative electron densities, ∆Fmod(z), computed
for the same range of qz contained in Iexp,c(z), match ∆Fexp(z) as
closely as possible.

H10H24 Monolayers Deposited onto MPS SAMs

We characterized LB films of H10H24 deposited onto
MPS-coated MBE supports on the upstroke at a surface
pressures of 20 or 25 mN/m. At these pressures just before

the plateau in the isotherm of the monolayer, the highest
pressures that we could easily achieve and maintain
during deposition, the H10H24 dihelix lies in the plane
of the air/water interface.2 MPS was previously found to
interact well with H10H24 in solution and promote the
formation of SAMs of the peptide.13 Figure 1 shows the
data collected from the H10H24 samples prepared for this
study. The top panel (I) shows the data from the support
before and after deposition of an MPS SAM. The bare
support diffracts well, with three diffraction maxima
visible (centered approximately at channels 180, 250, and
320; the features to the left are the scatter around the
beamstop and the truncation of the specular reflectivity
at the smallest incident angle included in the oscillation).
The MPS SAM did not change the diffraction data from
the bare sample, and so we did not collect it for subsequent
samples. However, deposition of the LB monolayers
produces marked destructive interference and changes
the diffraction pattern, as seen in panels II and III. As
compared to the data from the bare, the first maximum
is split in the LB film data while the second maximum
shifts to higher qz. These effects can be clearly seen in the
raw data and are not artifacts of the particular background
subtracted here. As demonstrated in the Supporting
Information, the autocorrelation function computed from
the background-subtracted data indicates that the LB
layer increases the size of the structure from about 130
Å to about 200 Å.

Inspection of the relative electron density profile
structuresobtainedviaboxrefinementreveals the features
of the sample (Figure 2.b). In ∆FMBE(z), the three largest
peaks correspond to the Ge layers of the MBE superlattice.
The doubly peaked feature corresponding to the surface
of the support ends approximately at z ) 0 due to our
choice of the trial structure. The splitting of this feature
has been seen before and indicates the presence of another
interface near the support/air interface. As in the past,
we attribute it to a low-density oxide layer, SiOx, on top
of the underlying Si.24 The small features in ∆FMBE(z)
outside of -120 Å < z < 0 Å are due to the truncation of
the data at qmin and qmax and are not significant as they
do not correspond to features in the Patterson function
(Figure 2a). As the corrected data for the bare and MPS-
coated support are virtually identical, so are ∆FMBE(z) and
∆FSAM(z). With our experimental resolution of 1/qmax )
1/0.09 Å-1 ) 11 Å, we are unable to detect the presence
of the MPS monolayer. In contrast, the LB monolayer of
H10H24 results in a markedly different profile structure,
∆FLB(z). Here, the feature corresponding to the surface of
the MBE support is still present, but diminished in
amplitude, indicating that the change in density that
occurs there has become smaller. New features appear in
the region 0 Å > z > 61 Å, making the total length of the
profile structure about 180 Å long. Similar features occur
in the relative electron density profiles obtained by the
same methods for the other samples (see Supporting
Information). In all cases, we see two maxima with some
splitting in the approximate range 0 Å > z > 60 Å (Table
1 summarizes the details). The model absolute electron
densities, Fmod(z), that account for the ∆Fexp(z) functions
obtained from box refinement (Figure 2e) result in a
peptide monolayer of fairly constant density about 25%
that of bulk Si. The shape agrees with our expectations,
but the density seems lower than we expected, as will be
discussed below.

(26) Kneller, L. R.; Edwards, A. M.; Nordgren, C. E.; Blasie, J. K.;
Berk, N. F.; Krueger, S.; Majkrzak, C. F. Biophys. J., in press.

Figure 1. Strip-integrated experimental intensity data after
uniformity correction, with the dynamical diffraction and
background scattering indicated (dotted). Panel I. (a) Bare
substrate incorporating an MBE reference structure. (b) Same
sample after deposition of an MPS SAMsthe diffraction is
unchanged because the maximum length of MPS is comparable
to the experimental resolution. Panels II and III. (a) Bare
substrate incorporating an MBE reference structure. (b) Same
sample after deposition of an MPS SAM and LB deposition of
a monolayer of pure H10H24. Dashed vertical lines are intended
to guide the eye toward similarities and differences between
patterns. The overall shift to the right between panels I and
II is due to repositioning of the detector between experiments
and is accounted for in the analysis. Data were analyzed out
to the minimum in the vicinity of channel 350.
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BBC16 Monolayers Deposited onto OTS SAMs

The palmitoyl chains covalently bonded to the N-
terminal cysteine of each R-helix of the peptide BBC16
help stabilize Langmuir monolayers of this peptide at high

surface pressures. We prepared two different kinds of
samples: pure BBC16 monolayers and mixed monolayers
with free palmitic acid (PA) and BBC16 in a 4:1 ratio (4
mol of PA for each mole of single R-helices). We deposited
LB monolayers at 45 mN/m on the downstroke onto MBE
supports coated with OTS SAMs. At this pressure, the
dihelices of BBC16 are approximately normal to the plane
of the air/water interface.2 This method relies on the van
der Waals interaction between the C18 chains of the SAM
and the C16 chains of the peptide to promote the deposition.

The long SAM precursor used in these experiments (the
all trans length of OTS is 23.1 Å) becomes immediately
apparent in the X-ray interferometry data, where it causes
destructive interference with the first maximum in the
diffraction signal from the inorganic reference structure
(Figure 3). Deposition of the peptide LB monolayer changes
the signal further. These changes manifest themselves in
the generalized Patterson functions, which both grow in
extent at each stage in the sample processing and take on
similar features (Figure 4). The similarities between the
Pattersons indicate that the samples are about the same
after deposition of the OTS SAM. However, at the
deposition of the different LB films, pure BBC16 in one
case and the 4:1 PA/BBC16 mixture in the other case, the
samples take on different structures, as evidenced by the
different Patterson functions. PLB

mix extends about 20 Å
further than PLB

pure (see Supporting Information).
The relative electron density profile structures obtained

via box refinement from the corrected data for the bare
MBE supports (Figures 5a and 6a) are similar to each
other, and their features can be assigned just as they were
for the H10H24 experiment. Adding the OTS SAM
diminishes the amplitude of the surface features of the
reference structure and introduces a new peak ap-
proximately 20 Å further out in z (Figures 5b and 6b).
This new feature is in turn diminished in the profile
structure once the peptide LB monolayer is deposited onto
the SAM. In the case of the pure BBC16 monolayer (Figure
5c), immediately after the SAM feature, the edge of the
profile structure, the range 35 Å < z < 91 Å, shows features
similar to those found at the edge of the profile structure
for the H10H24 sample discussed in the previous section
(Figure 2d). These features must belong to the profile
structure of the peptide itself. Similar features appear
again in the profile structure of the sample with the 4:1

Figure 2. Steps in the analysis of the data collected from an
H10H24 sample (Figure 1.II). (a) The generalized (half)
Patterson function, or autocorrelation function of the bare MBE
solid support, with its origin shifted to coincide with the
innermost Ge peak in the relative electron density profile,
∆Fexp

MBE(z) (b). As indicated by the Patterson function, the last
significant feature in ∆Fexp

MBE(z) occurs at the surface, z ) 0 Å
(see Supporting Information, Figure A1), which is perhaps more
clear in the model absolute electron density profile structure
Fmod

MBE(z) (e, dotted curve) constructed to be consistent with
∆Fexp

MBE(z). (c) The generalized Patterson function for the
MBE support with MPS SAM and H10H24 LB monolayer
deposited shows that now the structure extends to about z )
65 Å due to the presence of the peptide monolayer (boxed region
in ∆Fexp

LB(z), inset of (d), and low-density region of Fmod
LB(z) (e,

solid curve).

Table 1. The Length of the Peptide in Various LB
Monolayer Samples As Determined from the Relative

Electron Density Profile Structures, ∆Gexp(z)a

peptide length (Å) peptide length (Å)

H10H24 model 44 BB NMR data 53
H10H24 65 BBC16 58
H10H24 65 4:1 PA/BBC16 66
H10H24 55 4:1 PA/BBC16 82b

a The lengths shown are the lengths of the dotted boxes indicating
the peptide region of ∆Fexp(z) in the figures in this paper. When
more than one value is given, the subsequent values come from
profile structures of different samples shown in the Supporting
Information. For comparison, the lengths of the longest projections
from atomic coordinates (Figure 7b,b′) are also given. b Inspection
of the F(z) model that refined to agree with this ∆F(z) shows that
the peptide region is only 69 Å long if the low-density region at the
peptide/vapor interface is excluded.

Figure 3. Corrected experimental X-ray intensity data for the
experiment with the pure BBC16 LB monolayer, showing the
same sample at different stages: (a) the bare MBE support; (b)
the support with an OTS SAM deposited; (c) the support with
the OTS SAM and LB monolayer of pure BBC16 deposited. The
dashed lines point out the differences between the placement
of minima due to destructive interference in (b) and (c).
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PA/BBC16 monolayer, but they are displaced about 17 Å
from the SAM feature by another peak, presumably due
to the presence of the free palmitic acid in this sample
(Figure 6c). The model F(z) profiles constructed and refined
as described in order to help interpret the experimental

∆F(z) profiles show that the density of the peptide region
is about 30% of the density of silicon (Figures 5d and 6d).

Discussion
Two sources of atomic coordinates provide a basis for

comparison between expectations and the experimental
results. The first is a set of model atomic coordinates for
hemo H10H24 that were developed as an aid in the design
of the prototype maquette peptide.1 The second source is
the family of structures obtained experimentally from
solution NMR studies of apo BB, the unpalmitoylated
precursor of BBC16.27,28 Both of these sources derive from
the isotropic solution environment and so will have limited
applicability to measurements of maquette peptides at
interfaces. We projected the electron density from these
sets of atomic coordinates onto the principal axes of the
peptide using a spatial resolution consistent with that of
the experiment. The scale of each projection was set by
dividing it by the area obtained from the products of the
widths (determined at 10% of the maximum value) of the
other two projections. This rectangular approximation will
include voids that are filled with water when the mono-
layer is at the air/water interface, so though the densities
of the projections appear low, they are consistent with the
calculations in the first part of this study. The projections
appear in Figure 7, juxtaposed with the absolute electron
density profile structures constructed and refined to
explain the experimental results from this study. From

(27) Skalicky, J. J.; Gibney, B. R.; Rabanal, F.; Urbauer, R. J. B.;
Dutton, P. L.; Wand, A. J. J. Am. Chem. Soc. 1999, 121, 4941-4951.

(28) Gibney, B. R.; Rabanal, F.; Skalicky, J. J.; Wand, A. J.; Dutton,
P. L. J. Am. Chem. Soc. 1999, 121, 4952-4960.

Figure 4. Generalized (half) Patterson functions for experi-
ments with BBC16-containing monolayers, at different stages:
(a) the bare MBE supports, PMBE

pure(z) (solid) and PMBE
mix(z)

(dotted); (b) the support with an OTS SAM deposited,
POTS

pure(z) (solid) and POTS
mix(z); (c) the support with the OTS

SAM and LB monolayer containing BBC16 deposited. Here the
sample preparation differs: one sample has a pure BBC16
monolayer, PLB

pure(z) (solid), while the other has a 4:1 palmitic
acid/BBC16 mixed monolayer, PLB

mix(z) (dotted).

Figure 5. Relative electron density profile structures obtained
via box refinement for the experiment with the pure BBC16
monolayer, at different stages: (a) The bare MBE support,
∆FMBE

pure. (b) The support with an OTS SAM deposited, ∆FOTS
pure.

(c) The support with the OTS SAM and LB monolayer of pure
BBC16 deposited, ∆FLB

pure. The insets show a 3-fold magnifica-
tion of part of the structure directly beneath them. The dotted
box in the inset of (c) contains the peptide and its left side,
located at the SAM/LB film interface, extends upward to point
out that ∆FOTS

pure ends at about this position while ∆FMBE
pure

terminates earlier. (d) Model electron density profile structures
on an absolute scale constructed to be consistent with the ∆F
functions in (a) dashed, (b) dotted, and (c) solid curves.

Figure 6. Relative electron density profile structures obtained
via box refinement for the experiment with the 4:1 palmitic
acid/BBC16 mixed LB monolayer, at different stages: (a) The
bare MBE support, ∆FMBE

mix(z). (b) The support with an OTS
SAM deposited, ∆FOTS

mix(z). (c) The support with the OTS SAM
and the mixed LB monolayer deposited, ∆FLB

mix(z). The insets
show a 3-fold magnification of part of the structure directly
beneath them. The dotted box in the inset of (c) contains the
peptide. (d) Model electron density profile structures on an
absolute scale constructed to be consistent with the ∆F functions
in (a) dashed, (b) dotted, and (c) solid curves.
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inspection it is clear that the profiles we observe can only
be consistent with the projection of the atomic coordinates
onto the helical axis of the peptide.

At the same time, it is also clear that the profile
structures of the LB monolayers are not identical with
the projections. The H10H24 model coordinates predicted
more supercoiling of the R-helices than was observed
experimentally for the solution structure of BB, so that
they probably underestimate the length of the peptide. In
the profile structures determined for H10H24 monolayers,
one sample agrees with the length predicted from the BB
NMR structure while the other two cases exceed this
length (see figure in Supporting Information and Table
1). The length of the pure BBC16 sample agrees well with
that from the longest projection of the BB NMR solution
structure, though the features within the profile vary. In
particular, BB has a low density region in its projection
at the N-terminus, where the Gly3-Cys-Cys-Gly3 flexible
loop joins the two R-helices (left side of Figure 7b′), while
the profile structure of BBC16 has a relatively high density
there. As we do not see evidence of a distinct hydrocarbon
chain region within the profile structure of BBC16, this
enhanced density is probably due to the presence of folded
hydrocarbon chains mingling with the flexible loop region
of the peptide. Given the orientation of the peptide, we
expect the chains to be highly disordered and collapsed
(or folded) since these moieties have a minimal cross-
sectional area of 20 Å2 for fully extended chains, which is
much smaller than that for R-helices (g100 Å2), and thus
are constrained to exist at large excess area (at πdep ) 45
mN/m, about 115 Å2).2

Judging from the absolute F(z) models (Figure 6d), in
the 4:1 PA/BBC16 mixture samples the peptide appears
about 25 Å further away from the edge of the SiOx layer,
consistent with a denser, distinct hydrocarbon chain layer.
It would seem, then, that the free fatty acid that we added
to the monolayer occupies the excess area around each of
the covalently bound palmitoyl chains, resulting in a well-

packed hydrocarbon chain region. In our study of precursor
4:1 PA/BBC16 mixed Langmuir monolayers, the highest
surface pressure that we studied was only 32 mN/m, when
the area/R-helix is considerably larger, about 150 Å2. As
a result, we did not observe a well-defined hydrocarbon
region in the profile structure of the precursor Langmuir
film.2

The H10H24 monolayers also differ in structure from
what we have seen in the precursor Langmuir monolayers,
and this is more significant because the low surface
pressure at which LB deposition occurred was included
in our study. At low pressures below the plateau in the
isotherm, the peptide exists as dihelices lying parallel to
the air/water interface. But our results here show that in
the LB film the peptide is oriented approximately normal
to the air/solid interface, indicating a change in the
monolayer structure that occurs during or after LB
deposition. Changes in the optical properties of monolayers
during LB deposition have been reported in other am-
phiphilic systems.3-5 In this system, the reorientation may
be promoted by the MPS SAM, which would present a
fairly hydrophobic surface to the peptide if neighboring
sulf-hydryl groups form disulfide bonds or if the SAM is
sparse and highly tilted, as our inability to detect the
SAM might suggest. The peptide may then prefer to
remain in contact with the humid air rather than extend
the surface area of its interaction with the SAM. A similar,
though less pronounced, effect has been observed in
molecular dynamics simulations of cytochrome c molecules
on nonpolar versus polar surfaces.29 This reorientation of
the molecules may account for the lower density of the
H10H24 samples compared to the BBC16 samples.

The average density of the H10H24 sample, 0.20 e-/Å3,
or 28% the density of bulk Si, is about the same as that
predicted by the projection from the model coordinates.
The BBC16 sample is on average somewhat denser, 0.22
e-/Å3, with its peak density as high as 0.28 e-/Å3, though
still not as dense as the solution structure predicts (0.32
e-/Å3, 45% of the density of Si). This density level, 0.32
e-/Å3, would also be expected for a well-ordered OTS
SAM,30 but the sample here has a mean density of only
0.28 e-/Å3, and a thickness of 18 Å, compared to the
molecule’s fully extended length of 24.3 Å. The OTS SAMs
for the mixed BBC16 monolayers were less dense than
that for the pure BBC16 sample. Overall, these somewhat
lower densities must result from suboptimal packing of
the constituent molecules of the film. Lateral inhomoge-
neities in the film would result in reflectivity that is a
superposition of that from the bare support and that from
the support plus film and cannot produce the destructive
interference minima that we observed.

Since the projections were computed from atomic
coordinates without water present, the conclusion is that
there is very little water present in these films. One
possible interpretation is that the peptide is denatured,
since its hydration level keeps it out of the range of electron
densities generally observed for proteins (0.40-0.45
e-/Å3).31 However, the study was performed under condi-
tions similar to those used in studies that demonstrated
reasonable results for the profile structure of cytochrome
c,32 a protein of known structure and of a size roughly

(29) Nordgren, C. E.; Blasie, J. K. Manuscript in preparation.
(30) Tidswell, I. M.; Ocko, B. M.; Pershan, P. S.; Wasserman, S. R.;

Whitesides, G. M.; Axe, J. D. Phys. Rev. B 1990, 41, 1111-1128.
(31) Perkins, S. J. X-ray and Neutron Solution Scattering. In Modern

Physical Methods in Biochemistry; Neuberger, A., Van Deenen, L. L.
M., Eds.; New Comprehensive Biochemistry; Elsevier: Amsterdam, 1988;
Vol. 11B

(32) Amador, S. M.; Pachence, J. M.; Fischetti, R.; McCauley, J. P.,
Jr.; Smith,, A. B., III; Blasie, J. K. Langmuir 1993, 9, 812-817.

Figure 7. Comparison of the absolute electron density profile
structures constructed and refined to agree with ∆Fexp(z), and
projections computed from atomic coordinates: (a) H10H24 LB
monolayer on an MPS SAM (solid line) on an underlying
inorganic support (dotted); (b-d) projections computed from
model atomic coordinates used in the design of H10H24;1 (a′)
pure BBC16 LB monolayer (solid line) on an OTS SAM (dotted)
on an underlying inorganic support (dashed); (b′-d′) projections
computed from the solution structure of BB, the unpalmitoy-
lated precursor of BBC16, determined by NMR.27,28 The
schematics to the left of the diagram indicate the different
projections onto the z-axis: (b, b′) with the helical axes parallel
to the z-axis; (c, c′) with the helical axes perpendicular and the
disulfide bond parallel to the z-axis; (d, d′) with the helical axis
and the disulfide bond perpendicular to the z-axis.

1198 Langmuir, Vol. 17, No. 4, 2001 Strzalka et al.



comparable to the BBC16 dihelix (104 vs 62 residues,
respectively). Furthermore, the amount of water necessary
to hydrate a protein monolayer remains an open question
currently under investigation within our group. Molecular
modeling calculations can show that a monolayer of water
on cytochrome c molecules in a single monolayer requires
only about 500 water molecules per cyt. c, only about 20%
of the water necessary to fill the voids between protein
molecules with bulk water.29 A neutron scattering study
of a cytochrome c monolayer at 88% relative humidity
detected only 150-300 H2 O/cyt. c.26 Then by analogy
with cytochrome c, the BBC16 LB film might have 62/104
as many water molecules, or 90-180 H2 O/dihelix, which
would contribute about 0.06-0.12 e-/Å3 to the overall
density of the film. (These numbers are somewhat lower
than our estimate of the water content of the precursor
langmuir film from part 1, 230 H2O/dihelix at 40 mN/m.)
As expected for an interferometric method, the modeling
procedure used to put the profile structures on an absolute
scale is very sensitive to the positions of interfaces (∆z <
1 Å), but not so sensitive to the changes in electron density
(∆F ≈ 0.06 e-/Å3), so that a significant amount of water,
enough to maintain the integrity of the peptide, may
simply escape detection in our X-ray measurement.
Ultimately, the water content of the film is best quantified
by neutron measurements, while the state of the peptide
can only be determined by correlated functional (spec-
troscopic or electrochemical) measurements.

Considering the variability among samples, it is clear
that the optimal experimental design would determine
the functional and structural parameters of the same
sample. Rigorously applied protocols may improve the
uniformity of the samples and permit this requirement to
be relaxed so that it suffices to characterize representative
samples structurally and other samples functionally via
electrochemistry or spectroscopic methods. This would be
important since the electrochemical measurements per-
formed to date on self-assembled films use a gold electrode
beneath a dimercaptoalkane SAM,33 and the high electron
density of gold makes it inconvenient for X-ray experi-
ments. Similarly, the opaque MBE substrates used here
are incompatible with the spectroscopic methods used to
characterize the redox behavior of the peptides so far.8,13

However the orientation of the peptide molecules within
the LB film comes about, producing films with the peptide’s
helical axis normal to the surface of the support advances
the utility of maquette peptides as tools for model systems
for studying biological electron transfer. In this orienta-
tion, the amino acid sequence of the peptide essentially
maps simultaneously onto the direction that we are able
to probe with reflectivity experiments and the direction
of electron transfer in an electrochemical experiment.
Using neutron interferometry and a series of (isomor-
phous) H2-labeled peptides, we can in principle determine

the location of any single amino acid within the profile
structure of the peptide and so observe how binding
prosthetic groups perturbs the structure of the peptide.
(This technique would also be compatible with the
incorporation of a gold electrode into the solid support.)
Moreover, resonant X-ray interferometry would allow us
to determine the positions of those prosthetic groups’ metal
ions within the profile structure with great precision.34,35

Determining the monolayer’s structure in such detail and
measuring the rate of electron transfer to an underlying
electrode would impose a very stringent test of electron
transfer as both the distance and the medium through
which transfer occurs would be known.

Conclusions

We have succeeded in producing LB monolayers of
maquette peptides with the peptide helical axes oriented
approximately normal to the plane of the solid support,
even in cases when in the peptide is oriented parallel to
the air/water interface in the precursor Langmuir mono-
layer. The experimentally obtained electron density profile
structures agree qualitatively with projections computed
from atomic coordinates obtained from model predictions
or NMR measurements. The orientation of the molecules
makes feasible the application of other techniques capable
of studying the profile structures of these monolayers in
greater detail, while the solid support could incorporate
an electrode, permitting electrochemical studies of the
function of the peptide with metalloporphyrin prosthetic
groups bound. Variation between samples can be sub-
stantial and needs to be better controlled in the future to
realize the potential of these monolayers as test systems
for electron transfer theory.
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